Abstract. Suspension is divided into non-independent suspension and independent suspension. These two kinds of suspensions are widely used in general vehicles. General vehicles can travel on urban roads and highways. But they cannot travel on rough roads or extremely uneven roads. The rocker-bogie suspension is proposed to solve that problem. It is widely used in planetary rover. The purpose of this paper is to systematically compare the performance of these rovers. This paper review the different rocker-bogie suspensions designed by different countries and demonstrate their capability to improve the performance of the suspension of rovers. Various technologies in which different configurations, component combinations and mechanical designs are used to improve the performance of the suspension are also discussed in this paper.
rover should arrive anywhere on the planet even if the surface of plant is extremely uneven road surface. To realize this vision, the suspension of the planetary rover based on the conventional vehicle suspension should be improved to ensure the requirement of high trafficability and traveling at high speed.
In this paper, we investigate and review the different technologies and approaches, and demonstrate their capability to improve the performance of the suspension of rovers. Various technologies in which different configurations, component combinations and mechanical designs are used to improve the performance of the suspension are also discussed in this paper. For each rover, a brief description is first presented and then by reviewing the previous studies, the performance of the suspension of the rover is investigated. Finally, a comparison study between these rovers is carried out.
The Rocker-Bogie Suspension for the Planetary Rover Designed by Soviets
In 1970，Luna 17 carried Lunokhod 1 which is the world's first lunar exploration vehicle onto the lunar surface [7] . As shown in Figure 1 (a), Lunokhod 1 is about 756 kg and the body size is 4.42m × 2.15m × 1.92m. The structure of this vehicle is divided into upper and lower parts. The upper part is the sealed instrument compartment manufactured from magnesium alloy and the lower part is the automatic walking chassis which the eight wheels are independently drove. It can climb the 30-degree slope. It can also cross the 40-cm barrier and the 60-cm gully. the ground moving speed is 1km/h or 2 km/ h. [9] . As shown in Figure 1 (b) , the configuration of the vehicle is similar to Lunokhod 1. However, the structure was improved, the speed of movement was increased, the scope of activities was bigger than the Lunokhod 1.
The Rocker-Bogie Suspension for the Planetary Rover Designed by Swiss
In 2002, Swiss Federal Institute of Technology and Automation Systems Laboratory (ASL) developed a prototype of six-wheel detection vehicle called shrimp [10] . The shrimp is about 3.1kg, which the front fork-parallelogram rocker suspension is used. As shown in Figure 2 , the shrimp was climbing stairs. The stability of the shrimp is good and The trafficability of the shrimp is strong. But the space of carrying in this vehicle is great limited due to the limitation of the suspension structure. The suspension structure is also complicated.
Fig. 2. Shrimp
In 2004, Switzerland ASL developed the six rounds of the prototype vehicle called crab, which the bilateral double parallelogram rocker suspension is used [11] . Each side of the suspension is made up of two sets of the parallelogram secondary rocker hinged at the middle wheel and a main rocker. The pole of each set of the secondary rocker is connected with the wheel. The middle pole of secondary rocker is fixedly connected with the main rocker. The main rocker is connected to the vehicle body with a differential mechanism. As shown in Figure 3 , the crab was crossing the vertical wall. The stability of this vehicle is good and the terrain adaptability is strong. The platform space of carrying is much better than the shrimp. But the suspension structure is still complex. In 1987, JPL of NASA presented Rocky1 that is a principle prototype of a small six-wheel rover which firstly used the rocker-bogie suspension [12] . The wheel diameter is 8 cm. The wheel grounding distance at the same side is identical. Each wheel can be independent drove. The part between the rear wheel and free hinged joint is the main rocker. The part between the front wheel and free hinged joint is the secondary rocker. The height of free hinged joint is higher than the axis of the wheel. As it was showed in Figure 4 , the rover was traveling through an obstacle without any problem. This experience revealed that the negotiation ability and the trafficability of this rover is strong. The rotation angle of main rocker cannot be very big due to the limitation of the suspension structure.
Later, JPL developed lots of rovers. The Rocky 8 is the newest rover [13] . The weight reached up 30 kg (Showed in Figure 5 ). The wheel grounding distance at the same side is also identical. Each wheel can be also independent drove. The height of free hinged joint is also higher than the axis of the wheel. The Rocky 8 can carry more valid loading weight. It can travel at a long distance and avid obstacles. . Rocky 8 Future combat system (FCS) designed by the U.S.Army combines many kinds of systems, which is a multifunction, networking, light and intelligentization weapon system [14] . This system is gradually equipped by the U.S.Army, as the technology matures. The robot vehicle is called mule as the main transport equipment of FCS, which is used to transport weapons, ammunitions and supplies for armys [15] . One mule can support two infantry classes and also can accompany them on the complex terrain. The primary mission of mules is transporting equipment and rucksacks about 900~1100 kg and transporting the wounded soldier to safe place.
From the Figure 6 , it showed that the mule could travel on the complex terrain with high maneuverability. "Mule" was equipped with independent articulated suspension of 6×6 chassis. "Mule" used brake steering device and hybrid electric drive system. The hub of each tire is equipped with an electric motor. "Mule" has a high resistance to destruction. If a tire is damaged or destroyed, the remaining five tires still be able to maintain sufficient mobility. The height of obstacle which the mule can across reached 1.5 m, which is much more than any other active wheeled or tracked vehicle equipped by the U.S. Army. The width of the trench which the mule can across reached 1.5 m. The slope angle is more than 40 degrees. The wade depth is at least 1.25 m. 
The Rocker-Bogie Suspension for the Planetary Rover Designed by Chinese
National Defense University of Science and Technology designed a new type of folded-deployed suspension, known as the two-crank-slider suspension [16] . As shown in Figure 7 , the left and right suspension is symmetrical and each suspension is composed of the main rocker, two cranks, two connecting rods, two slider and torsion bar spring. The left and right suspension is connected with differential mechanism through the spline. The middle of the differential mechanism is fixed to the body. Both side suspensions are rotatable relative to the vehicle body. Each wheel is driven by a wheel pump. But the crank rotation angle is limited. Fig.7 . A new type of folded-deployed suspension Harbin Institute of Technology developed the rocker-style inspection vehicles [17] . This suspension is similar to Rocky 1. The auxiliary rocker can rotate around the hinge on the main rocker and The left and right main rocker arm can realize the differential movement around the differential mechanism so that the six wheels always touch the ground at the same time. In addition, the mobile sub-system consists of the 6 full-drive rounds. On the one hand, it increases adhesion and traction. On the other hand, if one or even two wheels fail to work, the remaining wheels continue to run. The rocker suspension and the differential mechanism are shown in Figs. 8 and 9 , respectively. Fig.8 . The suspension of the rocker-style inspection vehicles Fig. 9 . The differential mechanism
Conclusion
As can be seen from the above analysis, rocker-type suspension originates in the earliest planetary vehicle. It is destined to can be only applied to small vehicles and low-speed vehicles. All of performances of the mule are excellent. Although the Mule is designed in accordance with the requirement of the high-speed vehicle. The FCS program has been stopped and the structure of the Mule may not be true. For the analysis of the disclosed structure, the suspension should be a single longitudinal arm, which cannot withstand a large lateral force when the vehicle is traveling at high speed. Therefore, when we develop a new generation of rocker suspension, although we can learn from existing research results and cannot completely copy. it should be based on the car suspension and be improved. At the same time, a new generation of rocker suspension should meet the requirements of high-speed vehicles.
